The purpose of this study was to develop an automated method without user interaction for selecting the optimal data acquisition window in magnetic resonance coronary angiography (MRCA). The major problem in MRCA is the effective suppression of coronary motion resulting from respiration and cardiac contraction. To compensate for cardiac movement, data acquisition is generally limited to the period when the coronary artery is not moving, mainly during end-diastole, and is referred to as the cardiac rest period. Generally, the cardiac rest period is identi ed by the operator. Therefore, it is subjective and requires an experienced operator for accurate identi cation. As for the region of interest, the right coronary artery is known as an appropriate region for determining the cardiac rest period. Previous studies attempted to determine the position of coronary artery using template matching techniques or difference between the pixel intensities along frames of the cine images, but the detection accuracy of the cardiac rest period was not suf ciently high. In this study, we estimated the position of coronary artery using the mitral valve, tricuspid valve and the apex as known coordinates. Then, the position of the coronary artery was estimated with high accuracy using a template matching technique. In addition, we proposed a method to track the position of coronary artery in a cine image by updating the template to determine the cardiac rest period. As a result, automatic determination of the cardiac rest period was possible in 24 subjects.
Introduction
Magnetic resonance coronary angiography (MRCA) has great potential for the diagnosis of coronary artery disease. Recently, in vivo submillimeter coronary MR vessel wall imaging was reported using breath-hold and non-breath-hold approaches [1] [2] [3] . Vessel wall imaging may improve risk strati cation by the assessment of atherosclerotic plaque burden and plaque composition. Although coronary MR angiography has been evolving rapidly [4] [5] [6] , visualization of the whole coronary arterial tree reproducibly with high diagnostic image quality remains challenging. One of the major problems of coronary MR imaging is the effective suppression of respiratory motion. However, the quality and accuracy of MRCA vary from subject to subject [7] [8] [9] . In MRCA, the slice that includes the left and right atria and ventricles is determined manually [7] . This slice is called the four-chamber view. Based on this slice, the cardiac rest period is estimated. During this period, slices used for MRCA analysis are acquired in three dimensions. These slices are used for precise diagnosis of the condition of the coronary arteries. Coronary MR vessel wall thickness is reported to be 0.5-1.0 mm in normal subjects [9] . Coronary MR requires accurate imaging to apply high spatial resolution strategies with near complete elimination of artifacts related to bulk cardiac motion. Coronary artery motion is minimal during mid-diastolic diastasis, or the cardiac rest period [10, 11] . In the present study, we conducted automated measurement of the duration of cardiac rest period to improve the limited data acquisition duration by maximizing the cardiac rest period.
During the cardiac rest period, acquisition of the slices that include the entire heart region in three dimensions should be performed within a limited time frame to be effective. Generally, this period is several 100 ms at the end of the diastolic phase (Fig. 1) . Since each slice is acquired every 16 ms, 10-16 slices during the cardiac phase are used to determine the cardiac rest period. This whole procedure is performed manually by the operator, and much experience is needed to ensure accuracy of this procedure. This procedure also takes time as the total measurement time can be long. To enable widespread use of MRCA, an automated procedure to perform the measurements is highly needed.
Reducing cardiac motion effects in the coronary arteries require quantitative information on the motion throughout the cardiac cycle. However, there is only limited quantitative information available during the rest period. A technique for automatic measurement of the cardiac rest period using image-based global cross-correlation of multiple heart phase cine scans in comparison with visual assessment was reported [12] . Nevertheless, the method still required substantial user interaction, such as placement of the region of interest (ROI). Several automated post-processing methods without user interaction are available for optimal data acquisition in MRCA [13, 14] , but the user still has to de ne a threshold value. The purpose of this work was to develop an automated method, without user interaction, for optimal placement of the ROI and to determine the data acquisition window in the quiescent period for MRCA. To determine the cardiac rest period, the right coronary artery is used as an index. Generally, the operator looks at this artery and identi es the rest period. Previous study [15] tried to nd the coronary artery using template matching techniques without template updating along frames of the cine images, but the detection accuracy of the cardiac rest period was not suf ciently high. In this study, we used the estimated positions of the mitral valve, tricuspid valve and the apex as known coordinates. Then, the position of the coronary artery was estimated with high accuracy using a template-matching technique. Furthermore, we proposed a method to track the position of the coronary artery in a cine image volume by updating the template to determine the cardiac rest period.
Method
We have proposed a 2-step method for estimating the location of right coronary artery and a method for estimating the cardiac rest period.
Subjects
Twenty-four healthy volunteers were scanned using a 1.5 T scanner (Excelart Vantage powered by Atlas, Toshiba Medical Systems). For each subject, cine images were acquired in the four-chamber orientation with the following protocol: 2D SSFP (retrospective gating, 50-60 phases/cardiac cycle) with 1.094 × 1.094 × 10 mm spatial resolution during free breathing. The study was approved by the Institutional Review Board of the Kyoto University Hospital, and all subjects gave informed consent prior to enrollment in the study.
Cine image processing
Cine images were acquired in the four-chamber orientation. An image at three-quarters of one heartbeat was used to estimate the location of the right coronary artery, using the locations of the mitral valve, apex and tricuspid valve. Position measurements were also made by manually positioning a cursor over each of the landmarks, and the spatial co-ordinates were recorded according to Yi et al. [7] . Around the estimated location, a square region was used as a template of the coronary artery to modify the estimation. Movement of the template was calculated between consecutive cine images for the entire heartbeat. The distance that the template moved was recorded and was treated as the movement of the coronary artery itself. Using this distance, the cardiac rest period was determined.
Estimation of right coronary arteries
The CardioLine technique [16] provided by Toshiba Medical Systems Corporation can be used to determine the locations of mitral valve, apex and tricuspid valve by machine learning. The dataset used for that determination was set at three-quarters of one heartbeat. In our proposed method, we assumed that the locations of these anatomical landmarks were those provided by CardioLine. This automatic technique is proprietary to the scanner, but it can also be operated manually by the physician regardless of the scanner type. In step 1 and step 2 of the estimation, only one cardiac phase was used, the same as the CardioLine technique.
2.3.1
Step 1: Estimating the location of the right coronary artery As shown in Fig. 2 , we denoted the line between the tricuspid valve and the apex as A, the line between the tricuspid valve and the coronary artery as B and the angle between A and B as θ 1 . If the ratio of A to B (r 1 ) and the angle θ 1 are given, the location (Rc x and Rc y ) of the right coronary artery can be estimated. Using the information provided by CardioLine and the average values for r 1 and θ 1 from all subjects, the right coronary artery position was estimated using equations (1) and (2) .
where tr x/y the position of the triscupid valve and ap x/y is the position of the apex.
Step 2: Modi cation of the coronary artery position
The coronary artery positions were estimated, but the effect of size variation of individual hearts still exists. Modi cation of the position was performed using a template-matching technique. Four different characteristic templates were matched to the region, and the position of the template was determined by the largest correlation coef cient. In our study, normalized correlation coef cients were used.
where N is the number of pixels in the template, f i is the intensity of each pixel in the template, g i is the intensity of each pixel in the target, f is the mean intensity of the template, and ḡ is the mean of the target. r fg will have a value between 0 and 1. No rotation or scaling was considered in this case. A square of 25 × 25 pixels was placed around the center of the estimated coronary artery position. This size was determined experimentally. An example of this modi cation is shown in Fig. 3 .
Estimation of the cardiac rest period
Using the templates from section 2.3.2 (blue squares in Fig. 4) , a search target of 75 pixels was set (red squares in Fig. 4) . The target was matched with the template in each frame. This matching was performed for each pair of cine images for consecutive cardiac phases, and a new template was created after matching. This template updating was the most distinctive feature compared with the previous study [16] . From the distances calculated between updated templates, consecutive minimum intervals indicate the cardiac rest period. For every subject, the minimum distance was set at zero and the duration of consecutive minima was considered the cardiac rest period (see Fig. 5 ). Here, it is assumed that cardiac rest period corresponds to the duration when the position of the template holds the same position.
Results and Discussion
For the 24 subjects with known positions of the mitral valve, apex and tricuspid valve, the position of the right coronary artery was estimated. Modi cation to obtain the exact position was also performed. Data for position estimation and for cardiac rest period estimation were the same, but MRI acquisition protocol used in this experiment was generalized and the estimated average position was only used initially. Hence it is possible to use test data as sample and the initial position does not affect the further template matching result. Figure 6 compares the error distances (pixels) between the gold standard obtained manually and the proposed method. In 21 of 24 subjects, the modi cation worked well as denoted by the solid lines in Fig. 6 . The maximum error distance was reduced from 10.8 pixels to 9.22 pixels. P value by paired Fig. 3 An example of estimated right coronary artery position with modi cation using templates. Four templates shown on the left were selected from the whole data as typical characteristic shapes.
Fig
. 4 An example of tracking the coronary artery by template matching. Red squares are searching targets, blue squares are updated templates. 
t-test is 7.3 × 10 −5 for comparison between before and after modi cation. Thus, this position modi cation may be bene cial for further processing such as estimating the duration of cardiac rest period. After this modi cation, estimation of the start frame and the duration of cardiac rest period were compared with those obtained manually by two physicians. Figures 7 and 8 summarize the differences among (i) automatic determination by the proposed method, (ii) determination by previous method [16] and (iii) manual determination by physicians for the 22 subjects. Two subjects could not be tested by the previous method. For judgment by the two physicians, the earlier start frame and the longer cardiac rest period were adopted for analysis. As for the start frame, p values by paired t-test are 4.1 × 10 −2 for comparison between the proposed method and physician judgement (Fig. 7A ), 1.4 × 10 −5 for comparison between the previous method and physician judgement (Fig. 7B) , and 1.1 × 10 −3 for comparison between the previous and the proposed methods (Fig. 7C) . The statistical analysis shows that detection of the start frame for the diastolic phase is signi cantly different between the proposed method and the previous method (Fig. 7C) . As for the comparison with physician judgment, the proposed method (p = 4.1 × 10
) is closer to physician judgment than the previous method (p = 1.4 × 10 ) at threshold p values smaller than 0.01. As for the earliest start frame shown in Fig. 5 , this timing is in end-systole, and not in diastole. This may be caused by the high heart rate of the subject, because the cardiac phase has been reported to depend on heart rate variability [11] .
The rest period duration ranged from 16 to 560 ms (1-35 frames). In all subjects except one, the longest rest period occurred during mid-diastole [17] . As for the rest period duration, p values by paired t-test are 1.5 × 10 −1 for comparison between the proposed method and physician judgement (Fig. 8A) , 3.7 × 10
for comparison between the previous method and physician judgement (Fig. 8B) , and 3.7 × 10 −4 for comparison between the previous and proposed methods (Fig. 8C) . The statistical analysis shows that detection of the start frame of the diastolic phase is signi cantly different between the proposed method and the previous method (Fig. 8C) . As for comparison with physician judgment, the proposed method (p = 1.5 × 10 ) is closer to physician judgment than the previous method (p = 3.7 × 10 −5
) at threshold p values smaller than 0.01. Figure 9 shows the results for the start frame and rest period duration determined by the proposed method during the systolic phase, which cannot be detected using the previous method. The rest period duration in systolic phase was not signi cantly differ- ent between the proposed method and physician judgment (p > 0.05). The mean difference in the rest period duration was within two frames that correspond to approximately 30 ms, and is not signi cantly difference between the proposed method and physician judgment. The rest period duration ranges from 66 to 200 ms for the right coronary artery [7] . In another study, the longest rest period occurred during end systole (113 ± 62 ms) in 54 (26%) of 210 patients, and during mid-diastole (127 ± 59 ms) in the remaining 156 patients (74%) [17] . Our estimated rest period duration (93-261 ms) is consistent with these previous ndings.
The coronary artery moves rapidly at the end of the cardiac rest period, but moves slowly at the start. In the proposed method, the slow movement was used to determine when the coronary artery stops moving, and we found that the cardiac rest period began slightly earlier than that determined by the physicians. This nding may allow data collection for a longer rest period duration. Statistical improvement may be achieved by using the ratio of the cardiac rest period to the total number of frames. To date, only limited data on coronary artery rest periods are available. In addition, the subjects in previous studies consisted predominately of healthy volunteers with only a small number of patients [9, 11, 18] . Other possible improvements include identifying the left coronary artery and using the movements of both coronary arteries to provide more precise estimation.
Conclusion
We developed a method for automatic determination of the cardiac rest period with the aim to perform automatic MRCA. Previous studies [12, 13, 16] using semiautomatic methods were subjective because the user has to set the ROI manually. In our method, the positions of the mitral valve, tricuspid valve and apex are used to estimate the position of the coronary artery, and modi cation of this position is performed using a template-matching technique. Our method also traces movement of the coronary artery by repeating the template-matching process. The cardiac rest period determined from coronary movement was similar to the judgment made by physicians.
Possible improvements to the results could be achieved by considering the slow movement of the coronary artery at the start of the cardiac rest period and combining the rest periods determined for both the right and left coronary arteries. This automated process may contribute to faster examination by MRCA, which will be of bene t to clinical cardiologists, and contribute to big data science in clinical cardiology. 
